To determine the effects of saturated and unsaturated fatty acids in phosphatidylcholine (PC) on macrophage activity, peritoneal lavage cells were cultured in the presence of phosphatidylcholine rich in saturated or unsaturated fatty acids (sat PC and unsat PC, respectively), both used at concentrations of 32 and 64 μM. The treatment of peritoneal macrophages with 64 μM unsat PC increased the production of hydrogen peroxide by 48.3% compared to control (148.3 ± 16.3 vs 100.0 ± 1.8%, N = 15), and both doses of unsat PC increased adhesion capacity by nearly 50%. Moreover, 64 μM unsat PC decreased neutral red uptake by lysosomes by 32.5% compared to the untreated group (67.5 ± 6.8 vs 100.0 ± 5.5%, N = 15), while both 32 and 64 μM unsat PC decreased the production of lipopolysaccharide-elicited nitric oxide by 30.4% (13.5 ± 2.6 vs 19.4 ± 2.5 μM) and 46.4% (10.4 ± 3.1 vs 19.4 ± 2.5 μM), respectively. Unsat PC did not affect anion production in non-stimulated cells or phagocytosis of unopsonized zymosan particles. A different result pattern was obtained for macrophages treated with sat PC. Phorbol 12-miristate 13-acetate-elicited superoxide production and neutral red uptake were decreased by nearly 25% by 32 and 64 μM sat PC, respectively. Sat PC did not affect nitric oxide or hydrogen peroxide production, adhesion capacity or zymosan phagocytosis. Thus, PC modifies macrophage activity, but this effect depends on cell activation state, fatty acid saturation and esterification to PC molecule and PC concentration. Taken together, these results indicate that the fatty acid moiety of PC modulates macrophage activity and, consequently, is likely to affect immune system regulation in vivo.
Introduction
Phosphatidylcholine (PC) is the main component of biological membranes. It plays an important role in signal transduction and in the generation of bioactive molecules. The hydrolysis of PC produces fatty acids, prostaglandins, platelet-activating factors, and diacylglycerols (1, 2) , which participate in inter-and intracellular signaling and affect macrophage response to a wide range of stimuli. Thus, the incorporation of different fatty acids into PC by peritoneal macrophages may be an important pathway for the alteration of macrophage activity. If the physiological properties of a variety of cell types can be modified by exposing them to different lipid classes (3) (4) (5) , it is reasonable to assume that PC incorporation into membranes could also lead to significant alterations in macrophage activities. Previous studies have shown that peritoneal macrophages actively take up PC in vitro (6) . The physiological consequences of this process for peritoneal macrophages are unclear, but some studies have reported that saturated phospholipids F.C.C. Grando et al.
www.bjournal.com.br compromise alveolar macrophage activity (7) . In the lung, macrophages internalize surfactant lipids (8) , a process that reduces phagocytic capacity and the production of reactive oxygen species (ROS) (9) (10) (11) .
PC containing unsaturated fatty acids may also modify macrophage activity. It has been demonstrated that large amounts of PC containing arachidonic acid are found in rat peritoneal macrophages (12) . The activity of desaturases and elongases on linoleic acid generates arachidonic acid, which is the precursor of prostaglandins, thromboxanes and leukotrienes. These molecules play important roles in the regulation of the inflammatory response (4). Polyunsaturated fatty acids are involved in the expression of adhesion molecules and ROS production (13) . Additionally, arachidonic acid is formed in response to many agonists, such as calcium ionophore, phorbol 12-miristate 13-acetate (PMA) and bacterial lipopolysacharide (LPS) (14) . Arachidonic acid produced by the activation of cytosolic phospholipase A 2 stimulates NADPH oxidase, which is associated with the production of ROS (15, 16) . Therefore, the availability of intracellular fatty acids may affect important macrophage activity, such as phagocytosis capacity, adhesion property and the production of reactive oxygen and nitrogen species, and this effect depends on the activation state of the cell.
Despite the importance of phospholipids as a source of bioactive molecules, there are no known studies about the direct effects of the nature of the fatty acid component of PC on peritoneal macrophage activity. In the present study, we hypothesized that macrophage activity is modulated by the molecular species of saturated and unsaturated fatty acid-rich PC. We carried out an in vitro experiment with rat peritoneal macrophages and evaluated the alterations in their adhesion, neutral red (NR) uptake by lysosomes, and production of ROS and nitric oxide (NO).
Material and Methods

Chemicals
Distearoylphosphatidylcholine (sat PC) was obtained from Avanti Polar Lipids (USA) and linoleic acid-rich PC (unsat PC) from soybean was obtained from Sigma (USA). Cell culture medium (RPMI-1640), penicillin, streptomycin, and fetal calf serum (FCS) were obtained from Cultilab (Brazil). Horseradish peroxidase, E. coli LPS, PMA, phenol red, nitroblue tetrazolium (NBT), NR, and other reagents were obtained from Sigma.
Animals
Male Wistar rats weighing 200 ± 20 g were provided by the Setor de Ciências Biológicas, Universidade Federal do Paraná (Curitiba, PR, Brazil). All procedures were in accordance with the guidelines for animal experimentation, and the practices were approved by the institutional Animal Ethics Committee.
Peritoneal cell preparation
Resident macrophages were obtained from the peritoneal cavity by injection of phosphate-buffered solution (PBS). Cells were washed twice in PBS and suspended in RPMI-1640 medium containing 10% FCS, 10,000 U/mL penicillin G sodium, 10 mg/mL streptomycin sulfate, and 2 mM glutamine. FCS was inactivated for 30 min at 56°C. The macrophages suspended in culture medium were preincubated in 96-well microplates for 40 min at 37°C in a moist atmosphere of 5% CO 2 . This process promoted macrophage adherence to the plate. Nonadherent cells were removed by washing the plate twice with PBS.
Phosphatidylcholine medium preparation
A thin film of PC dissolved in chloroform was allowed to dry spontaneously under sterile conditions. Phospholipids were hydrated with RPMI-1640 medium containing 10% FCS and then sonicated for 15-20 min. The PC solution was dissolved to reach final concentrations of 32 and 64 μM.
Determination of phosphatidylcholine cytotoxicity
After treatment with sat PC and unsat PC, the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) assay was performed (17) . Cells (5 x 10 5 ) were cultured on 96-well plates with or without PC. After 2 or 24 h, 10 μL 10 mg/mL MTT solution was added to each well. After 2 h of incubation at 37°C, the formazan produced was solubilized with dimethylsulfoxide and the absorbance of the formazan solution was measured with a microplate reader at 570 nm (Bio-Rad, USA).
Nitrite determination
NO was estimated from nitrite levels, as described by Stuehr and Marletta (18) . Cells (2 x 10 5 /well) were stimulated with LPS (10 μg/mL) in the presence of PC for 24 h. After this period, 100 μL of culture supernatant was mixed with the same volume of Griess reagent (1% sulfanilamide in 5% H 3 PO 4 and 0.1% N-(1-naphthyl) ethylenediamine dihydrochloride, in water) and absorbance was determined at 550 nm with a microplate reader.
Hydrogen peroxide determination
The production of hydrogen peroxide was measured according to the protocol described by Pick and Mizel (19) . Adhered macrophages (5 x 10 5 /well) were cultured for 2 h Modulation of macrophage activity by PC fatty acids www.bjournal.com.br with PC. After this period, cells were stimulated with PMA (200 nM) when indicated. After 1 h of incubation, a solution of phenol red and horseradish peroxidase was added to the medium to estimate hydrogen peroxide content. After 10 min, 10 μL 1 M NaOH solution was added to adjust pH to alkalinity and the amount of hydrogen peroxide formed was measured spectrophotometrically at 610 nm.
Nitroblue tetrazolium reduction assay
Intracellular generation of superoxide anion was measured by NBT reduction (20) . Adhered macrophages (5 x 10 5 / well) were cultured for 2 h with PC. After this period, cells were stimulated with 200 nM PMA in the presence of 0.1% NBT for 1 h. The cells were then washed twice by centrifugation at 800 g for 5 min with PBS, fixed with 50% methanol for 10 min and air-dried. The reaction product (formazan) was solubilized by 30-min incubation in 120 μL 2 M potassium hydroxide and 140 μL dimethylsulfoxide per well. The plates were read spectrophotometrically at 490 nm.
Neutral red assay
The uptake of the cationic dye NR, which is concentrated in macrophage lysosomes, was evaluated (21). The adhered macrophages were cultivated for 2 h with PC. Cells were treated with 20 μL 3% NR in PBS and washed twice with PBS and the internalized NR was solubilized for 30-min incubation by adding 0.1 mL 10% acetic acid plus 40% ethanol solution. Absorbance was determined at 550 nm.
Macrophage phagocytosis
Macrophages (2 x 10 5 cells/well) were cultured for 24 h in the presence of PC and then incubated with NR-stained zymosan (21). After 30-min incubation, the supernatant was removed and Baker's formol-calcium solution was added to stop zymosan phagocytosis. The cells were washed by centrifugation in PBS. After NR solubilization with acidified alcohol, absorbance was determined spectrophotometrically at 550 nm.
Macrophage adhesion assay
Macrophage adhesion was assayed according to the procedure described by Rosen and Gordon (22) . Peritoneal wash cells (4 x 10 5 cells/well) were cultured for 24 h in a medium containing PC. After incubation, the plates were washed three times with PBS and the adherent cells were fixed with methanol. After staining with 10% Giemsa solution for 10 min, the plates were washed with water, and the remaining dye was solubilized with methanol. Absorbance was determined spectrophotometrically at 550 nm.
Statistical analysis
Data are reported as means ± SEM. Statistical differences between groups were determined by one-way analysis of variance (P < 0.05, ANOVA). All experiments were carried out in quadruplicate and repeated at least three times.
Results
To study the effect of the nature of the fatty acid PC on macrophage viability, various concentrations were tested. As illustrated in Figure 1 , macrophages incubated for 24 h with 256 μM of sat PC (distearoylphosphatidylcholine) suffered a significant decrease in cell viability. Thus, concentrations below 256 μM were used in the experiments.
Respiratory burst
The effects of the PC fatty acid moiety on NO formation by peritoneal macrophages were determined (Figure 2) . Incubation of LPS-stimulated macrophages with unsat PC decreased NO production in a dose-dependent manner. Nitrite levels decreased by 30.4% compared to the control group (13.5 ± 2.6 vs 19.4 ± 2.5 μM) with 32 μM unsat PC treatment and by 46.4% (10.4 ± 3.1 vs 19.4 ± 2.5 μM, N = 15) in 64 μM unsat PC treatment. Sat PC did not affect LPS-stimulated and -non-stimulated macrophages.
Superoxide production in PMA-stimulated macrophages increased markedly (Figure 3 ). However, this was not observed when these macrophages were treated with sat Figure 1 . Figure 1 . Figure 1 . Figure 1 . Figure 1 . Effect of distearoylphosphatidylcholine (sat PC) and linoleic acid-rich PC (unsat PC) on macrophage viability determined by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Sat PC and unsat PC were added to the macrophage culture at concentrations up to 256 μM for 24 h. After this period, MTT solution was added to each well. The reaction product was solubilized and the absorbance was measured at 570 nm. Data are reported as percent of control ± SEM, and represent the mean of N = 30. *P < 0.05 vs untreated group (ANOVA). Figure 2 . Nitrite production by peritoneal macrophages treated with distearoylphosphatidylcholine (sat PC) and linoleic acid-rich PC (unsat PC) at concentrations of 32 and 64 μM. Cells were incubated with or without lipopolysaccharide (LPS) (10 μg/mL) for 24 h at 37°C. After this period, cell-free culture media were mixed with Griess reagent. The concentration of nitrite was determined spectrophotometrically, using a sodium nitrite standard curve. Data are reported as mean concentration ± SEM, and represent the mean of N = 15. *P < 0.01 vs untreated group. + P < 0.05 vs LPS-treated group; ++ P < 0.001 vs LPS-treated group (ANOVA). PC or unsat PC. In spite of this, incubation with 32 μM sat PC inhibited 26.1% (113.7 ± 7.0 vs 153.9 ± 12.0%, N = 15) of NBT reduction by stimulated macrophages.
Hydrogen peroxide production was enhanced by 51.4% (151.4 ± 15.5 vs 100.0 ± 1.8%, N = 15) in PMA-stimulated macrophages (Figure 4 ). The treatment with 64 μM unsat PC under non-stimulated conditions increased hydrogen peroxide production by 48.3% (148.3 ± 16.3 vs 100.0 ± 1.8%, N = 15). Incubation with sat PC did not affect hydrogen peroxide production, irrespective of the nonstimulated condition or the presence of PMA.
Phagocytosis, adhesion and neutral red uptake
Treatment with different species of PC did not affect the phagocytic activity of peritoneal macrophages (data not shown). However, in the treatments with 64 μM PC, NR uptake decreased by 24.8% (75.24 ± 7.2 vs 100.0 ± 5.5%) in the sat PC group and 32.5% (67.5 ± 6.8 vs 100.0 ± 5.5%, N = 15) in the unsat PC group ( Figure 5 ).
The addition of unsat PC stimulated adhesion ( Figure 6 ). The 32 μM concentration increased adhesion by 53.6% (0.278 ± 0.015 vs 0.181 ± 0.016), whereas 64 μM increased it by 50.8% (0.273 ± 0.014 vs 0.181 ± 0.016, N = 15). 
Discussion
The present study shows that the effects of PC on macrophage activity depend on the nature of the fatty acid esterified in its glycerol backbone. The nature of the fatty acid within membrane phospholipids indeed contributes to membrane fluidity and is likely to play a role in the regulation of membrane protein activity (23) . Therefore, the effect of PC fatty acids may affect the activation of inflammatory cells such as macrophages. In addition, membrane phospholipids are also the source of second messenger molecules, such as diacylglycerol, phosphatidic acid, inositol-1,4,5-triphosphate, ceramide, and arachidonic acid. These molecules signal events originating in the membrane to the cytosol and to the nucleus, eliciting appropriate cell responses (23) .
Macrophages are multifunctional cells that play an important role in immune responses. The activation of these cells promotes the expression of genes that induce the high-output synthesis of reactive oxygen and nitrogen species (24) . NO production is catalyzed by inducible nitric oxide synthase, and its activity in the macrophage is first regulated and modulated by cell receptors such as Tolllike receptors and CD14. CD14 is the receptor for LPS and plays an essential role in proinflammatory responses in monocytes and macrophages via activation of the NFκB pathway (25) . The data presented here demonstrate that PC containing unsaturated fatty acids have an inhibitory effect on NO production by LPS-activated macrophages. This treatment was associated with a dose-dependent decrease in NO production and this result suggests that unsat PC may affect the NFκB pathway.
The inhibitory effect on NO production was not due to a loss of membrane integrity, since macrophage viability was not different from the control group, as assessed by the MTT reduction assay. The cells cultured for 2 h at any of the PC concentrations tested preserved cell viability (data not shown). However, after 24 h of culture, macrophage viability decreased at doses above 256 μM sat PC. We were concerned about a possible toxic effect of PC at the concentrations used in the experiments, but the cell culture assay enabled us to differentiate it. Although many other parameters may be involved, this study provides evidence of the cytotoxic effect of PC at high concentrations, which contributes to down-regulating the inflammatory responses.
An additional, prominent characteristic of activated macrophages is their high capacity to release superoxide and hydrogen peroxides (26) . The enzyme complex primarily responsible for producing superoxide anion is the Figure 5 . Figure 5 . Figure 5 . Figure 5 . Figure 5 . Effects of phosphatidylcholine (PC) on neutral red uptake into macrophage lysosomes. Macrophages were cultured for 2 h with distearoylphosphatidylcholine (sat PC) and linoleic acid-rich PC (unsat PC) at concentrations of 32 and 64 μM. Cells were analyzed spectrophotometrically for their content of neutral red, solubilized with acid solution. Data are reported as percent of control ± SEM, and represent the mean of N = 15. *P < 0.05 vs untreated group; **P < 0.01 vs untreated group (ANOVA). Figure 6 . Figure 6 . Figure 6 . Figure 6 . Figure 6 . Effects of phosphatidylcholine (PC) species on macrophage adhesion. Peritoneal cells were incubated with distearoylphosphatidylcholine (sat PC) and linoleic acid-rich PC (unsat PC) at concentrations of 32 and 64 μM. After 24 h, macrophages were stained with 10% Giemsa. Data are reported as absorbance ± SEM, and represent the mean of N = 15. *P < 0.01 vs control group (ANOVA). www.bjournal.com.br NADPH oxidase complex, which can be activated directly through the activation of protein kinase C by phorbol esters (27) . This suggests that protein kinase C can be a major mediator of NADPH oxidase activation (28) . When the macrophages were stimulated with PMA, superoxide anion production was notably enhanced. However, the treatment of these cells with sat PC in the presence of PMA decreased superoxide anion production, suggesting that PC is involved in this pathway.
The superoxide anion is converted to hydrogen peroxide by superoxide dismutase. When unstimulated macrophages were treated with unsat PC, there was a significant increase in hydrogen peroxide production, which shows that unsat PC were capable of activating macrophages. On the other hand, sat PC inhibited hydrogen peroxide production by activated macrophages, suggesting that complex mechanisms are used according to cell activation state. The present study showed that PC affected the macrophage production of ROS, which aids in the destruction of antigens and contributes to increasing oxidative stress (26) . These results indicate that PC is the modulator of another pathway, i.e., the pathway for ROS production.
ROS production is associated with other events such as phagocytosis and microparticle digestion. In the present study, PC did not modify the phagocytic capacity of macrophages (data not shown). However, the NR uptake assay detected a decrease in lysosome volume for both PC species. Whereas these lipids reduced the degradative mechanism of phagocytic cells, unsat PC increased their adhesion capacity. Considering that this process requires the arrangement of significant amounts of membrane, PC incorporation by macrophages probably modified adhesion capacity by altering membrane fluidity, as shown in an earlier study (6) .
On the basis of the present results, we suggest that the complex effects of PC on macrophages are dependent on i) cell activation state, ii) fatty acid saturation and esterification to the PC molecule, PC concentration and incorporation time. There is evidence that omega-6 polyunsaturated fatty acids (PUFAs) have both inhibitory and stimulatory effects on immune responses. The most widely studied PUFA is arachidonic acid, which can be oxidized to eicosanoids, potent mediators of inflammation. Nevertheless, many effects of the PUFAs on immune and inflammatory responses are not dependent on eicosanoid generation (13) . Several mechanisms have been proposed, such as changes in membrane fluidity and in signal transduction pathways, regulation of gene transcription, protein acylation, and calcium release (13) . Our results suggest that PC modulates macrophage functionality by altering its membrane fluidity. As previously shown (6), macrophages are capable of incorporating phosphatidylcholines, which change the unsaturation index and, as a consequence, affect fluidity. Additional research is needed to reveal the mechanisms by which PC changes macrophage activity. In vivo studies are also necessary to evaluate the physiological effects of PC. This information will be useful as a therapeutic tool to combat pathological conditions such as inflammatory processes.
